Abstract We present an 8000-year biomarker and stable carbon isotope record from the Verlorenvlei Estuary, South Africa. We assessed how leaf wax lipids, insoluble macromolecular organic matter, bulk C/N data and compound-specific stable carbon isotopes were linked to the site's palynological record and to evidence for regional sea level and environmental change. Down-core trends in bulk d 13 C are closely coupled to trends in pollen types from salinetolerant taxa. These trends are mirrored by variations in the incorporation of reduced sulphur into macromolecular organic matter. This process, quantified with the thiophene ratio, is closely associated with periods of higher sea level 8,000-4,300 cal yr BP. We propose the thiophene ratio is a proxy for relative marine influence within (peri) estuarine sediments. All measured variables indicate differences between early-middle Holocene (8,000-4,300 cal BP) and late Holocene conditions at Verlorenvlei. The former period was more saline and preserves more labile macromolecular organic matter. Marine influence declined after 4,300 cal yr BP, and although the abundance of short-chain-length n-alkanes suggests continued presence of wetland flora until 2,500 cal yr BP, organic matter preservation became poorer and a drying trend was inferred, most notably for the interval 2,500-900 cal BP. Increasing freshwater inundation is apparent during the last 700 cal yr, consistent with several records from this region. Leaf wax n-alkane distributions are largely uncorrelated with bulk organic matter variables, with the exception of the abundance of C 31 and C 33 n-alkanes, which are negatively correlated with d 13 C TOC . Furthermore, C 31 -C 33 n-alkane d J Paleolimnol (2015) 53:415-432 DOI 10.1007 C 23 -C 29 d 13 C and d 13 C TOC . They are also higher than our newly measured terrestrial (C 3 ) vegetation C 29 and C 31 end-member values of -35 ± 2 and -34 ± 1 %, respectively. These patterns are best explained by a dominant contribution of local riparian vegetation to the C 23 -C 29 n-alkanes, but time-varying contributions of non-local leaf waxes to the C 31 -C 33 signals. This renders inferences concerning regional environmental change from long-chain leaf waxes potentially challenging in this setting.
Introduction
The coastal plains of the South African west coast, known locally as the Sandveld (Fig. 1) , represent a region of considerable palaeoenvironmental interest (Chase and Meadows 2007) . The region is characterized by the interaction of large-scale atmospheric circulation systems over southwest South Africa, specifically the mid-latitude westerly systems and the South Atlantic Anticyclone (Stager et al. 2012) , and possesses an important archaeological record (Parkington et al. 1988; Parkington 2012) . The coastal lowlands also form part of the mega-diverse Cape Floristic Region, with the Sandveld representative of the Lowland Fynbos eco-region. Palaeoecological records from this region are scarce, reflecting the rare accumulation of organic-rich sediments under largely semi-arid conditions (Chase and Meadows 2007 ).
An exception is the Verlorenvlei River system (Fig. 1) , which has yielded several Holocene sediment records, enabling reconstructions of vegetation history (Baxter 1997; Meadows et al. 1994 Meadows and Baxter 2001) , lake salinity (Stager et al. 2012) , sea-level change (Baxter and Meadows 1999) , shifting sediment provenance (Meadows and Osmal 1996) and post-colonial impacts . Although providing some insights into the region's environmental dynamics, these records are generally short and/or contain depositional hiatuses. Additionally, the interpretation of pollen records from this region, and semi-arid areas in general, is challenging. Fig. 1 Map of the study area including the location of the Klaarfontein site, the approximate catchment area of the Verlorenvlei Estuary and the locations of the modern soil samples Pollen spectra are frequently dominated by overrepresented pollen from grasses and/or the immediate wetland environment (Horowitz 1992) . Combined with the low taxonomic resolution of many pollen morphotypes in this region, assessing regional palaeoenvironmental signals has proved difficult. The most complete Holocene pollen record reported for the Sandveld is the Klaarfontein deposit, which lies on the inland margin of the Verlorenvlei River, approximately 1.9 m above modern sea level [Meadows and Baxter 2001 ; henceforth, core KFN1996 ( Fig. 1) ]. This record spans the last ca. 8,000 cal yr and its associated pollen spectra were previously inferred to have been strongly influenced by salinetolerant riparian taxa, indicative of varying marine influence within the Verlorenvlei system. Following a reduction in marine influence during the late Holocene and a commensurate reduction in the abundance of these riparian pollen types, more subtle adjustments in wetland and terrestrial vegetation communities were inferred Baxter and Meadows 1999; Meadows and Baxter 2001) , although the timing and precise significance of these changes were difficult to assess.
In this study, we revisit Klaarfontein and present a new suite of climate and environmental proxy data, along with a revised chronology for the site. We sought to provide more detailed insights into the site's (and the Sandveld region's) environmental history, and through the application of multiple stable isotope and plant biomarker proxies, to explore the use and interpretation of these organic geochemical proxies in semi-arid regions. The study goals were to: (1) explore how multiple organic geochemical variables can be used to provide insights into local and regional ecological changes in this semi-arid setting, (2) assess how biomarker and compound-specific stable isotope values are linked to the site's palynological record, (3) improve temporal constraints for this site and the wider Verlorenvlei system and, (4) expand our understanding of local and regional environmental history. As one of the more complete Holocene sediment archives for the west coast, Klaarfontein represents an important, but potentially under-exploited Holocene environmental archive, and may serve as a counterpoint for palaeoecological records in the adjacent Western Cape mountains (Scott and Woodborne 2007) .
A key goal was to assess how organic geochemical variables relate to the site's palynological record and whether application of several geochemical proxies, related to different organic matter (OM) fractions and potentially derived from different sources (i.e. locally derived macromolecular organic matter versus more widely dispersed leaf wax lipids), can provide insights into the site history and the regional palaeoenvironment. To this end, we analysed total organic carbon (TOC), d
13 C TOC , total nitrogen (TN), and TOC/TN ratios to consider the basic OM character, provenance (Lamb et al. 2004 ) and isotopic signature (Wang et al. 2003) , along with solventextractable leaf wax lipids from terrestrial higher plants, and the solvent-insoluble macromolecular organic residue. Among the extractable lipids, the relative abundance of C 21 -C 33 leaf wax n-alkanes is known to vary with plant type and across environmental gradients (Rommerskirchen et al. 2003; Carr et al. 2014) . Such leaf waxes can be widely dispersed, but in lake and wetland settings shorter-chain-length n-alkanes (C 23 -C 25 ) tend to be more abundant in aquatic and riparian plants. This enables assessment of the contribution of aquatic/riparian plants to sediment organic matter (Ficken et al. 2000; Aichner et al. 2010; Gao et al. 2011) . In combination with compound-specific stable carbon isotope data, and assuming that particular leaf waxes are derived from different plant sources, such analyses have been used to distinguish between local and regional-scale environmental signals. Pyrolysis-gas chromatography/mass spectrometry (py-GC/MS) can be used to characterise solvent-insoluble macromolecular sediment organic matter. Py-GC/MS fragments macromolecules (e.g. lignin) into GC-amenable pyrolysis products, from which the original macromolecular composition is inferred (de Leeuw et al. 2006 ). This provides insights into organic matter preservation and post-depositional alteration, organic matter sources (e.g. algal versus higher plant biomass contributions) and palaeoenvironmental conditions (Kaal et al. 2014) . To assist in the interpretations of these variables, we also present new data pertaining to the biomarker and stable isotope fingerprints of modern plant-derived organic matter from the area, building on several recent studies Carr et al. 2014 ).
Materials and methods

Site description
The Verlorenvlei system is a narrow (13 9 1.5 km) and shallow (maximum depth 5 m) coastal water body comprised of a river and semi-estuarine coastal lake surrounded by reed swamp (Sinclair et al. 1986; Meadows and Osmal 1996; Stager et al. 2012 ). The lake is connected to the sea by a short channel, but because of a sand bar at the estuary mouth, apart from rare storm events and spring tides, there is limited input of seawater from the Atlantic Ocean (Sinclair et al. 1986; Miller et al. 1995) . Heavy winter rain in the catchment can mean that the estuary channel overtops the bar and flows into the sea. Today, water salinity varies from *12 parts per thousand near the estuary mouth to \1 part per thousand near Rederlinghuys (Sinclair et al. 1986 ; Fig. 1 ). Verlorenvlei is generally considered to be oligotrophic, although the nutrient status and phytoplankton activity vary significantly, reflecting variability in freshwater input and evaporation under a semi-arid and strongly seasonal climate (Sinclair et al. 1986; Stager et al. 2012) .
Klaarfontein itself lies on the northern margin of the Verlorenvlei River, approximately 18 km from the Atlantic Ocean ( Fig. 1 ) and 3 km from the Grootdrift site (Baxter and Meadows 1999) . It comprises a lobe-shaped marshy alluvial deposit *2 m above Verlorenvlei, which is covered in Typha sp., Juncus sp. and various Cyperaceae species. Phragmites australis and Myriophyllum spicatum fringe the transition to open water. The wider environment comprises the Sandveld coastal plain. To the south, low sandstone hills lie adjacent to the estuary and host sandstone Fynbos vegetation. Vegetation within the catchment is largely associated with sandy substrates and consists of a mixture of woody lowland Fynbos shrubs, restioid Fynbos and karroid communities Meadows and Baxter 2001;  Fig. S1 ). In general, the Verlorenvlei system region lies close to the ecotone between the lowland Fynbos and arid-adapted karroid shrublands further north. The climate today is semi-arid, receives the majority of its rainfall (*300 mm a -1 ) during the winter months and shows significant inter-annual variability.
Sampling, chronology and analyses
In 2010 a 2.3-m vibracore (KFN2010) was obtained from the same location where Meadows and Baxter (2001) retrieved their core. The sealed core was opened and sub-sampled at the University of Cape Town. Samples were shipped to the UK, freeze-dried and homogenised. Additional samples were obtained from modern soils within Sandveld and Sand Fynbos vegetation around Verlorenvlei, to provide contemporary stable isotope and plant biomarker data to compare against the KFN2010 sediments (Fig. 1) . These relate to terrestrial soils adjacent to Verlorenvlei, specifically sites SV3 and SV5 described in Carr et al. (2013 Carr et al. ( , 2014 , along with samples from a modern salt marsh, 24 km north of Velddrif, south of Verlorenvlei ( Fig. 1 and Electronic Supplementary Material [ESM] Fig. 1 ). This site, now isolated from the sea, is presently dominated by halophytic vegetation, including Sarcocornia pillansii (Chenopodiaceae), Frankenia pulverulenta (Frankeniaceae) and Cynodon dactylon (Poaceae) in subordinate amounts.
Eight bulk sediment samples from KFN2010 were used to construct a radiocarbon chronology. AMS analyses were carried out at the University of Waikato radiocarbon dating laboratory and the 14 CHRONO Centre at Queen's University, Belfast (ESM Table 1 ). Measurements were carried out on the insoluble residue remaining after hot HCl treatment and hot NaOH washes. The final ages are based on percent modern carbon, the Libby half-life (5,568 years) and isotopic fractionation correction. There is potential for marine contributions to the organic matter at this site (Baxter and Meadows 1999) , but given the dominantly terrestrial character of extracted biomarkers and an absence of concrete evidence for the proportion of marine organic matter contribution, radiocarbon age calibrations for KFN2010 used only the atmospheric curve data ). Calibration to calendar years was carried out with the Southern Hemisphere atmospheric curve SHCal13 ) using CALIB 7.0 (Stuiver and Reimer 1993) . The 2-sigma calibrated age ranges are presented in ESM Table 1 . An age-depth model (ESM Fig. 2 ) was obtained using the Bacon 2.2 software (Blaauw and Christen 2011) . To provide summary variables for comparison with the various geochemical proxies and to re-assess local/ regional pollen contributions, the original pollen counts from KFN1996 (Meadows and Baxter 2001) were re-analysed with detrended correspondence analysis (DCA) using the PAST software (Hammer et al. 2001) . The published radiocarbon ages for KFN1996 were calibrated and an age-depth model developed in the same manner as for KFN2010 (ESM Fig. 3 and ESM Table 1 ).
Bulk organic geochemistry
Bulk measurements of total organic carbon (TOC), total nitrogen (TN) and d 13 C TOC were made using a SerCon ANCA GSL elemental analyser interfaced to a Hydra 20-20 continuous flow isotope ratio mass spectrometer. Analyses were carried out in triplicate.
For TOC and d 13 C TOC , the samples were pre-treated with dilute HCl, rinsed in deionised water and freeze dried. TN was determined without acid pre-treatment.
Lipid biomarker and compound-specific d
C analyses
Leaf wax lipids (n-alkanes) were extracted from *5 g of powdered sediment using soxhlet extraction (24 h: hexane, DCM and methanol; ratio 1:2:2). The extracts were rotary evaporated and the apolar fraction was isolated via Al 2 O 3 column chromatography using a hexane/DCM mixture (9:1). Gas chromatography was carried out on a Perkin Elmer Clarus 500 GC/MS equipped with a CP-Sil 5CB (30 m 9 0.25 mm) column. The GC oven programme involved an initial temperature of 60°C, ramping to 120°C at 20°C min -1 , ramping to 325°C at 4°C min -1 and a hold at 325°C for 15 min. Compounds were identified from their mass spectra and retention times. Linearity between peak area and concentration was checked for all (C 7 -C 40 ) n-alkanes in the range 0-500 lg mg -1 . Several indices were used to characterise the leaf wax n-alkane distributions. The carbon preference index (CPI), which is a measure of odd over even chain length preference and is used as a measure of n-alkane origins, was calculated following Bray and Evans (1961) :
where C x is the concentration of the n-alkane with x carbon atoms. The average chain length (ACL), which is equivalent to the weighted mean of all odd chain length nalkanes, was calculated following Poynter et al. (1989) .
where C x is the concentration of the n-alkane with x carbon atoms.
The ratio of short to long chain length n-alkanes (the P aq index) was calculated following Ficken et al. (2000) :
Various studies have also found the ratio between the C 29 and C 31 n-alkanes (Norm31) to be an environmentally sensitive parameter. This is calculated as:
where C x is the concentration of the n-alkane (C) with x carbon atoms. Compound-specific d 13 C analyses of the C 23 -C 33 n-alkanes from KFN2010 and the modern soils were performed using gas chromatography-isotope ratio monitoring mass spectrometry (irm-GC/MS). An Agilent 6890N gas chromatograph equipped with a platinum-copper wire combustion reactor was interfaced to a SerCon GC-CP and connected to the Hyrda 20-20 MS. Samples were spiked with two laboratory standards (C 19 FAME and a-cholestane) and were monitored with calibrated CO 2 injections at the beginning and end of each GC run. Measurements J Paleolimnol (2015) 53:415-432 419 were carried out in triplicate and the resulting precision was better than 0.5 % in all replicate samples (Table 1) .
Insoluble organic matter
The insoluble organic matter was analysed using py-GC/MS. This fragments complex macromolecular organic matter in an inert (helium) atmosphere to produce lower molecular weight products amenable to GC/MS analysis. Analysis of the resulting products can be used to reconstruct their likely macromolecular progenitors, providing a semi-quantitative assay of organic matter composition and structure (SaizJimenez and de Leeuw 1987). The residues remaining following the soxhlet extraction were pyrolysed at 610°C using a CDS 1000 pyroprobe, interfaced with a Perkin Elmer Clarus 500 GC/MS system . The compounds within the resulting pyrograms were identified based on their mass spectra and retention times. Peak integrations on the total ion current (TIC) were performed using Turbo-Mass 5.2.0 software. The signal for each compound was determined as a percentage of the total signal from all integrated compounds (Vancampenhout et al. 2008) .
Results
Core stratigraphy
The stratigraphy and chronology of KFN2010 are comparable to those for KFN1996 (Baxter 1997; Meadows and Baxter 2001) . Notably, the oldest Table 1 Results of the n-alkane d
13
C analyses for the KFN2010 core and from modern Sandveld soils adjacent to Verlorenvlei. Sites SV3 and SV5 as described in Carr et al. (2014) radiocarbon age in KFN2010 (6,621 ± 40 14 C years BP) is very similar to the basal age in KFN1996 (6,870 ± 90 14 C years BP (Pta-6148)) and in both instances these lie immediately above a distinct facies change to grey-coloured, medium-coarse-grained sands. Extrapolation from the age-depth model for KFN2010 suggests that these sands date to ca. 8,900 cal yr BP. Much of the KFN2010 core, between 2.00 and 0.6 m, is comprised of dark brown to black silts and clays. A distinct layer of mottled black silt-clay at 1.00-1.20 m in KFN2010 is similar in age (4,400-4,300 cal yr BP) to a dark grey clay layer identified at about 2.00 m in KFN1996 (4,000-3,700 cal yr BP; 3640 14 C years BP; Pta6145). In both cores this marks a clear transition to slower deposition and a more lithologically variable late Holocene. The age-depth model for KFN2010 implies slower deposition 1.00-0.7 m (4,350-1,770 cal yr BP; ESM Table 1 ; ESM Figs. 2, 3). Based on fewer ages Meadows and Baxter (2001) drew a similar conclusion for KFN1996 and suggested there may even be a late Holocene depositional hiatus. Visual inspection of KFN2010, however, does not reveal evidence for a hiatus, but this, or incomplete retrieval of late Holocene sediments, cannot be ruled out at present. Overall, the age models and sedimentology of KFN2010 and KFN1996 compare favourably. The effects of a reduction in sedimentation rate and/or increased sediment compaction during the late Holocene mean that relatively few samples in KFN2010 represent the period 4,000-2,000 cal yr BP, and some caution is needed to interpret this period.
Bulk organic matter
Total organic carbon (TOC) within KFN2010 varies between 0.2 and 6 % (Fig. 2) . There are no strong down-core trends in this variable, although TOC is generally higher in the interval 9,000-5,000 cal yr BP, and phases of higher TOC are seen at 7,500, 6,000-4,000 and 580 cal yr BP, along with a pronounced minimum ca. 1,200-900 cal yr BP. The early to middle Holocene (9,000-4,500 cal yr BP) is characterised by relatively higher d 13 C TOC (range -24.0 to -21.7 %) and lower TOC/TN (minima: 6,900-6,300 cal yr BP). After ca. 6,000 cal yr BP, TOC/TN rises, peaking around 4,000 cal yr BP and remaining high until ca. 1,500 cal yr BP. From 5,400 cal yr BP, d
13 C TOC falls, stabilising at -25 % from ca. 3,000 to 1,200 cal BP, with a brief minimum at 1,000 cal yr BP. TOC/TN remains relatively high (*20) throughout this period until 1,500 cal yr BP, before dropping towards the top of the core. Modern terrestrial soils surrounding Verlorenvlei (Fig. 1) are characterised by TOCs of 0.4-0.6 %, an average TOC/ TN ratio of 11 ± 2 and d 13 C TOC typical of soil organic matter in C 3 ecosystems (-25 ± 1 %). Leaf wax n-alkanes
All samples contain n-alkanes in the range C 21 -C 33 , with their total concentration ranging from 0.3 to 7.0 lg g -1 dry weight. For n-alkanes C 23 -C 33 , odd over even chain length preference is clearly apparent (CPI 23-33 = 4 to 16, where 1 indicates no odd/even preference), which is indicative of a dominantly higher-plant leaf wax origin. Down core, the C 23 -C 33 n-alkanes show marked changes in distribution and concentration ( Fig. 3 and ESM Fig. 4) and there is particular variability in the ratio of short (C 23 -C 25 ) to long (C 29 -C 31 ) chain length n-alkanes, as measured by the P aq index (Fig. 3) .
From 8,000 cal yr BP, the P aq index increases steadily, indicating an increasing contribution of shorter chain length (C 23 -C 25 ) n-alkanes. This trend continues until ca. 2,500 cal BP, whereupon there is a shift towards a greater proportion of longer-chainlength n-alkanes. This trend of increasing ACL 21-33 , decreasing P aq and increasing CPI culminates at ca. 900 cal yr BP, where chain lengths \ C 29 almost disappear. Following this, there is an abrupt reversal and the last 900 years are more typical of the rest of the core, displaying a wider spread of n-alkane chain lengths (higher P aq ), lower ACL 21-33 and lower CPIs.
Overall, the variation in ACL 21-33 is driven largely by the contribution of shorter (C 23 -C 27 ) n-alkanes. Variability in the relative abundance of the longest-chainlength alkanes (C 29 -C 33 , also represented by the Norm31 parameter) is more muted and the Norm31 values are comparable to modern plant values throughout (Fig. 3) . Chain-length distributions tend to be longest during the last 3,000 years and in the interval 9,000-7,500 cal yr BP. The only statistically significant correlations between the n-alkane distributions and the bulk organic matter variables are associated with the C 29 -C 33 chain lengths, and are seen in the negative correlations between Norm31 and ACl 27-33 (note the longer ACL range here than described above) and d 13 C TOC (Spearman's Rho of -0.54 and p \ 0.01 for both lipid variables).
The ranges in n-alkane distributions from modern soils around Verlorenvlei, as previously reported in Carr et al. (2014) , are shown as grey boxes in Fig. 3 . They are dominated by the C 31 and C 29 homologues, with the C 31 the most abundant (Norm31 averages 0.6 ± 0.2, which is identical to most KFN2010 values). The P aq for terrestrial soil extracts SV3 and SV5 is 0.2 ± 0.2, but may be as high as 0.32, implying some caution is required when interpreting this variable as an indicator of purely aquatic vegetation. In the Velddrif salt marsh the n-alkane distribution is wider than the soils and the odd/even chain length preference is less prominent (ESM Fig. 4 ). The CPI (average 5 ± 1) is more similar to the KFN2010 core samples (average 7 ± 3) than to the terrestrial soils (average 10 ± 2), and although C 31 is the most abundant n-alkane, the C 23-27 are proportionally higher than the terrestrial soils, with the P aq (0.42 ± 0.7) comparable to parts of KFN2010 (Fig. 3) . As in KFN2010, the Norm31 (0.66 ± 0.02) is also similar to the modern soils.
Compound-specific d 13 C
The terrestrial soil samples (n = 5) d 13 C C29 and d 13 C C31 average -35 ± 2 and -34 ± 1 %, respectively (Table 1) . These data provide new C 3 endmember data for the Sandveld and southernmost South Africa more generally. For KFN2010, n-alkane data were obtained for 17 samples (Fig. 4 and d 13 C C33 show no statistically significant correlation with either d 13 C TOC (r = -0.03 and 0.23, p = 0.9 and 0.4) or the C 25 -C 29 homologues (e.g. d 13 C C29 and d 13 C C31 : r = 0.2, p = 0.5). They exhibit far less down-core variation (d 13 C C31 and d 13 C C33 averaging -29 ± 2 and -27 ± 2 %, respectively) and, like all of the leaf wax n-alkanes extracted from KFN2010, their absolute values are in most cases higher than the terrestrial (C 3 vegetation) Sandveld soils (Table 1) . A possible exception is d 13 C C31 , which approaches the likely C 3 end-member data from the local soils if a *2 % correction for the Suess effect is applied (Garcin et al. 2014 ).
Macromolecular organic matter (py-GC/MS)
Pyrolysis-GC/MS analysis produced an array of GCamenable organic compounds, with between 95 and 124 compounds identified in any single sample. These individual compounds were classified into one of seven categories, relating to their basic structure and/or likely precursor compounds (Kaal et al. 2007; Carr et al. 2010 Carr et al. , 2013 . These comprise aromatic compounds, aliphatics (straight or branched hydrocarbons), lignin products (specific products of lignin monomers), phenols (which may be products of various precursor compounds, including lignin), nitrogen-containing compounds, polyaromatic hydrocarbons, known pyrolysis products of polysaccharides, and sulphurcontaining compounds (ESM Table 2 ). The KFN2010 pyrolysis products are dominated proportionally by aromatic and aliphatic compounds (Fig. 5) . The former are low-molecular-weight compounds such as xylene, styrene, indene and various methyl benzenes. Because of their lack of functional groups and their potential formation via rearrangements during pyrolysis, they cannot be linked to specific precursor macromolecules. They tend, however, to be the more dominant pyrolysis products in low-TOC samples and the relative abundance of aromatic pyrolysis products is negatively correlated (n = 21, r = -0.64, p \ 0.01) with TOC. Aromatic products are most abundant prior to 8,000 cal yr BP and 4,000-3,000 cal yr BP, and least abundant 6,000-4,500 cal yr BP. The aliphatic class is dominated by n-alkane and n-alkene doublets that span the range C 7 -C 32 and also includes fatty acids (C 14 -C 18 ), which show a marked peak in occurrence ca. 5,500 cal yr BP. Generally, aliphatics are most abundant 7,500-4,000 cal yr BP, with a secondary peak at 1,800 cal yr BP, although the variation is relatively subtle. These products may have multiple precursors. Longer-chain-length doublets have been associated with specific sources, including plant-derived macromolecules from roots (suberan) and leaves (cutin and cutan), algal lipids, bound leaf wax lipids or postdepositionally formed geopolymers. They can be selectively preserved relative to precursors of other pyrolysis products, which may contribute to their relative abundance in the older parts of the core.
Polysaccharide pyrolysis products are consistently found only in the upper 40 cm (the last 1,000 years) of KFN2010 and are most abundant in samples \200 years old. They are also abundant in the modern Velddrif samples (ESM Table 2 ; 13-15 %). Their down-core reduction is indicative of post-depositional organic matter degradation, consistent with the known susceptibility of polysaccharides to degradation, particularly in semi-arid regions (Nierop et al. 2001; Carr et al. 2013) . Similarly, lignin-derived pyrolysis products, which are unequivocal indicators of plantderived organic matter, but also relatively susceptible to degradation in oxic environments, are generally rare. They are, however relatively more abundant ca. 7,400-4,500 cal yr BP, particularly in the interval 5,000-4,000 cal yr BP. Of interest within the KFN2010 pyrolysates is the presence of dimethy ldisulphide and several isomers of dimethylthiophene. These are most abundant 8,000-4,000 cal yr BP. The thiophene ratio (Sinninghe-Damsté et al. 1992) can be used to express their relative abundance (Fig. S5 ):
Thiophene ratio Dimethyldisulphide and dimethylthiophenes are not seen in pyrolysates of terrestrial soil organic matter in the study region or in the Velddrif salt marsh sediments (Table S2 ).
Multivariate analysis of the KFN pollen record
Fifty-one pollen types were identified in the KFN1996 record (Meadows and Baxter 2001) . These data were interpreted in terms of the proportions of vlei vegetation, grass pollen (both large and small classes), and to a lesser extent, in terms of shifts in the proportion of dryland Fynbos and scrub forest pollen categories (Meadows and Baxter 2001) . The pollen counts (minus exotics and unidentified pollen) were summarised using detrended correspondence analysis (DCA), to isolate the major trends in the pollen record and to generate summary variables for comparison with the geochemical data. The resulting data reveal that the majority of variation within the pollen data (i.e. axis 1; ESM Fig. 6 ) reflects the relative abundances of Poaceae, Chenopodiaceae and Limonium sp. relative to Typha sp., Cyperaceae, Santalaceae (Thesium is a probable genus), Myrica sp. and Hermannia sp. (ESM Fig. 6 ). The DCA axis scores imply a contrast between salt-tolerant plants (Chenopodiaceae and Limonium sp., and large-morphology Poaceae pollen) and freshwater riparian/wetland vegetation, notably Typha sp. and Cyperaceae. DCA axis 1 sample scores show comparable trends, given the age model uncertainties between the two cores, with d 13 C TOC from KFN2010 (Fig. 6) , particularly prior to 3,000 cal yr BP. Axis 2 sample scores show marked changes at ca. 3,000 cal yr BP and in the last 1,000 years.
Discussion
Proxy synthesis
By every measure, the sediment record from Klaarfontein reveals distinct changes in organic matter character and stable isotope composition, suggesting profound shifts in conditions during the last ca. 8,000 years and a clear distinction between the early and late Holocene at ca. 4,300 cal yr BP. TOC/TN ratios and d 13 C TOC have been used in lacustrine, estuarine and salt marsh environments to differentiate marine-derived/algal-derived organic matter (low TOC/TN higher d 13 C) from terrestrial plant-derived organic matter (higher TOC/TN, lower d 13 C) (Meyers 1997; Lamb et al. 2004) . Here, the terrestrial soil SV3 and SV5 TOC/TN ratios (11 ± 2) are relatively low compared to terrestrial plants (Meyers 1997 ), but they are comparable to soils elsewhere in the Fynbos biome, as are their d 13 C TOC values ). d 13 C TOC from the Velddrif salt marsh is marginally higher than terrestrial soils, averaging -23 ± 1 %, whereas TOC/TN is comparable (12 ± 4). The KFN2010 TOC/TN and 13 C TOC data are suggestive of a dominantly terrestrial or riparian plant organic matter source throughout the Holocene (Meyers 1997) , although sediments deposited after 4,000 cal yr BP tend to be associated with higher TOC/TN and lower d 13 C TOC compared to those deposited prior to 4,000 cal yr BP (ESM Fig. 7) .
In the pollen data, much of the variability reflects the abundance of halophytic versus freshwater wetland/riparian vegetation, as illustrated by DCA axis 1 (ESM Fig. 6 ). Meadows and Baxter (2001) argued that in the Verlorenvlei system ) the large ([50 lm) Poaceae palynomorph is derived from Spartina maritima and/or Sporobolus sp., both of which utilise the C 4 photosynthetic pathway. Spartina alterniflora has measured leaf tissue d 13 C of -12 to -14 % (Wang et al. 2003) . This [50-lm subset of Poaceae pollen is also positively correlated with the abundance of Chenopodiaceae pollen, which in this region includes C 4 genera such as Salsola sp. (-13.6 %; Boom et al. 2014) . Despite potential differences in the age models (fewer radiocarbon ages for KFN1996), trends in d 13 C TOC from KFN2010 largely mirror DCA axis 1 from KFN1996, suggesting that the abundance of Spartina/Sporobolus/Chenopodiaceae is indeed a major control on down-core d 13 C TOC variation (Fig. 6 ). This interpretation further implies that under certain circumstances, i.e. perennial, but potentially saline wetlands, C 4 vegetation may contribute significantly to sediment OM within South Africa's otherwise C 3 -dominant winter rainfall region. The relationship between DCA axis 1 and d 13 C TOC is less strong in the last 3,000 years, which may in part reflect some differences in the age models for the two cores, but from 1,500 cal yr BP, DCA axis 2 (increasing significance of several aquatic pollen types versus Juncus sp.; ESM Fig. 6 ) closely tracks d 13 C TOC and the steady reduction in TOC/TN.
Leaf waxes and n-alkane d 13 C
The sediment n-alkane (leaf wax) distributions indicate substantial contributions from the C 23 -C 25 nalkanes and their relative abundance is the main driver of variability in overall n-alkane distributions. The variability in the shorter chain length (C 23 -C 27 ) nalkanes thus suggests changing inputs from emergent/ aquatic vegetation and potentially, given some of the similarities with Velddrif, salt-marsh vegetation on or around the site, particularly ca. 6,000-3,000 cal yr BP. The abundances of the C 31 -C 33 n-alkanes are less variable and their ratios remain comparable to contemporary terrestrial vegetation throughout. The d 13 C values for C 23 -C 29 n-alkanes show strong correlations with each other and with d 13 C TOC , suggesting a common carbon source (Zhang et al. 2004 ). This implies that wetland and/or riparian vegetation types are probably the primary driver of the bulk isotopic signature and leaf wax distribution (Tanner et al. 2010) . Although considerable caution is required when inferring chemotaxonomic effects, the C 29 nalkane is reported to be strongly dominant in leaf wax distributions for S. alterniflora, which is closely related to S. maritima (Tanner et al. 2010) , supporting this interpretation.
In terms of the leaf wax distributions, only the indices relating to the relative abundance of the longest chain length homologues (C 31 and C 33 ) show any statistically significant correlations with the bulk OM variables; specifically, the relative abundance of C 31 and C 33 (defined by Norm31 or ACL [27] [28] [29] [30] [31] [32] [33] ) is negatively correlated with d 13 C TOC . Thus, more abundant longer chain lengths are associated with lower d 13 C TOC and higher TOC/TN, implying that during times of reduced aquatic/riparian inputs there may be increased contributions from terrestrial plantderived waxes, which are known to be rich in C 31 and C 33 in this region .
Given the dominance of the C 31 and C 33 n-alkanes in the regional terrestrial vegetation and the potentially wide dispersal of leaf waxes (Rommerskirchen et al. 2003) , the d 13 C C31 -d 13 C C33 signature might therefore be assumed to derive from and reflect a regional vegetation source (Yamamoto et al. 2010; Gao et al. 2011) . However, the absolute C 31 and C 33 d
13 C values are mostly higher than terrestrial vegetation/soil endmember values (i.e. -35 ± 2 and -34 ± 1 %; Table 1 ) even with a possible *2 % Suess effect correction (Garcin et al. 2014) . It is therefore likely that the isotope signature from the C 31 and C 33 still conflates several sources of leaf wax. Combined with the absence of any correlation between d 13 C C31 -d 13 C C33 and d 13 C TOC and their relatively high d 13 C throughout the record, we infer that the patterns in the C 31 and C 33 leaf wax signals probably reflect timevarying contributions from both wetland and terrestrial plant waxes. This would render their proxy environmental signal ambiguous, which may have implications for studies in comparable settings (Wang et al. 2013) . This needs to be tested further, particularly through the analysis of n-alkane distributions and d 13 C from modern salt-marsh sediments and vegetation, perhaps in conjunction with analysis of dD as a means to assess differences in source waters.
Sea-level change
A noteworthy feature of the py-GC/MS data is the evidence for organically bound sulphur within the sediments. The sulphur itself probably originates from microbial reduction of sulphate in the sediment matrix and incorporation into organic matter during early diagenesis (Sinninghe-Damsté et al. 1992; Hartgers et al. 1997; Lückge et al. 2002) . Down-core trends in the thiophene ratio (ESM Fig. 5 and Fig. 7 ) imply increased incorporation of sulphur 8,500-4,000 cal yr BP and the ratio is significantly correlated with d 13 C TOC (n = 22, r = 0.7, p \ 0.001). In this context, marine incursions could provide an initial source of sulphur (i.e. sulphate) (Hartgers et al. 1997 ) and we interpret the thiophene ratio as indicative of relatively greater marine influence within the Verlorenvlei lake and river system 8,500-4,000 cal yr BP. As the incorporation of sulphur into the organic matrix can occur within the sediment column and not just the surface material (Lückge et al. 2002) , and can be controlled to some extent by the character (functional group availability) of the host organic matter, the thiophene ratio is interpreted as indicative of general trends in marine influence rather than as a direct measure of relative sea level. High thiophene ratios are coeval with increased abundance of long-chain aliphatics, lignin pyrolysis products and pyrolysis products indicative of contributions from photosynthetic organisms, e.g. Prist-1-ene and Prist-2-ene, which are likely to be derived from chlorophyll (Ishiwatari et al. 1991) . The increased abundance of lignin pyrolysis products, which are rapidly degraded in semi-arid aerobic conditions (Carr et al. 2010) , suggests an environment at the site that may have been at least periodically anoxic and inundated, though not necessarily inundated by sea water. The d 13 C TOC and pollen data are strikingly consistent with the thiophene ratio record (ESM Figs. 5, 7) , lending weight to this interpretation.
To test this further, the KFN2010 d 13 C TOC and thiophene ratio data were plotted with data pertaining to Holocene sea-level change on the South African and Namibian west coasts (Fig. 7; Miller et al. 1995; Compton 2001 Compton , 2006 Compton , 2007 . Although the thiophene data cannot serve as sea-level index points, they demonstrate generally good correspondence with the geomorphic evidence from which Compton (2001) inferred an early to middle Holocene high stand ca. 8,000-5,500 cal yr BP. KFN2010 suggests a distinct reduction in marine influence after 4,300 cal yr BP. This is somewhat later than the Compton (2001) synthesis, but is consistent with radiocarbon ages from back-beach and storm beach deposits at the Verlorenvlei Estuary mouth (Miller et al. 1993 (Miller et al. , 1995 , which constrain the age of the bar at the estuary mouth. This increased marine influence in Verlorenvlei 8,000-4,300 cal yr BP also corresponds with the nearby Elands Bay Cave occupational hiatus (ca. 8,700-4,800 cal BP), which has been associated with a reduction in the availability of fresh water (Parkington et al. 1988) . Similarly, at nearby Tortoise Cave the later sea-level regression coincides with reduced collection of the estuarine-dwelling Solan capensis (razor clam) after ca. 4,500 cal BP (Jerardino 1993; Miller et al. 1995) . These correspondences suggest some potential for the wider use of the thiophene ratio as an indicator of relative marine influence in comparable depositional environments.
Environmental changes following reduced marine influence
Following the reduction in marine influence after 4,300 cal yr BP, P aq and TOC/TN remain high until 2,500 and 1,000 cal yr BP, respectively, implying that wetland/riparian vegetation continued to grow around the site. Correspondingly, the KFN1996 pollen record after 4,000 cal yr BP shows an increased prominence of Typha sp., Pteridium-type, Cyperaceae and Aponogetonaceae pollen, particularly ca. 3,000 cal yr BP (ESM Figs. 6, 8) . This shift is apparent in the sample scores of KFN1996 DCA axis 2, with several samples from this period plotting in the lower centre of the diagram (ESM Fig. 8 ). This has been interpreted as a period of higher moisture availability and reduced salinity (Meadows and Baxter 2001) . Despite potential differences in age models, the KFN2010 samples from this period also show lower d 13 C TOC and higher TOC, which might suggest wetter conditions, although perhaps still with some seasonal drying, as indicated by the relatively low significance of more labile pyrolysis products such as lignin (Fig. 5) . The period ca. 2,500-950 cal yr BP reveals a clear shift in the pollen spectra, with an increase in the abundance of Juncus sp. and some succulent pollen types (Meadows and Baxter 2001; ESM Fig. 8) , as well as substantial changes in leaf wax n-alkane distributions, notably the P aq index, which declines between 2,000 and 900 cal yr BP, in conjunction with leaf wax d 13 C and d 13 C TOC . TOC content also drops to a minimum (Fig. 2) . Overall, the period ca. 2,500-950 cal yr BP was drier than 4,000-2,500 cal yr BP and was characterised by more terrestrial-like plant leaf wax distributions ( Fig. 3 and ESM Fig. 4) . The and Compton (2006) (all data circles). Radiocarbon ages from individual marine shells were re-calibrated using the MARINE13 calibration curve and DR estimates for the west coast (Dewer et al. 2013 ). The dashed line represents Compton's (2001) synthesised Holocene sealevel record. This plot is based on the original radiocarbon age calibrations and interpretations presented by the author pollen assemblages are more characteristic of karroidtype vegetation (ESM Fig. 6 ), as are the Norm31 and CPI data, which at 900 cal yr BP are consistent with an increased occurrence of karroid vegetation .
Comparisons of the middle to late Holocene data from KFN2010, i.e. post marine influence, with other palaeoenvironmental records, indicate some regional similarities, although the uncertainties in the KFN2010 age model 4,000-2,000 cal yr BP should be kept in mind. The charcoal record from the adjacent Elands Bay Cave indicates low percentages of xeric thicket types at *3,500 cal yr BP, followed by their increased significance across the late Holocene, particularly after 1,300 cal yr BP (Cowling et al. 1999 ). Similar conclusions have been drawn from the pollen and micro-charcoal records from the De Rif rock hyrax middens, 64 km to the west in the Cederberg Mountains (Valsecchi et al. 2013 ) and from Princess Vlei, 13 km SSW of Cape Town on the Cape Flats (Neumann et al. 2011) , both of which indicate a trend toward drier conditions and increased seasonality after *3,000 cal yr BP. This shift to drier late Holocene conditions may be related to lower coastal sea-surface temperatures in the Benguela system after 3,500 cal yr BP (Farmer et al. 2005) , which are likely linked to increased upwelling and increased summer drought season length/intensity. Considering the site's position in the winter rainfall zone, and data indicating an elevated influence of the Southern Hemisphere westerlies at that time Lamy et al. 2001) , such interpretations seem inconsistent. However, changes in coastal SSTs and upwelling have been shown to be significant for regional hydro-climates (Chase et al. 2011) , and it may be that coastal sites and associated flora such as at Klaarfontein, Verlorenvlei, Elands Bay Cave and Princess Vlei, are sensitive to the enhanced summer drought that increased upwelling may engender. This is supported by contrasting trends seen in the transitional summer-winter rainfall zone 120 km southeast of Verlorenvlei, where we see a weak trend from relatively drier conditions 3,500-2,500 cal yr BP to more humid conditions 2,500 cal BP (Chase et al. 2015) . Such changes were interpreted to have been driven by the varying impact of easterly derived rainfall and the distinct contrast with the late Holocene trends in KFN2010 implies a minimal role for easterly anomalies on the west coast.
The last 500 years see a marked shift in the KFN2010 record, with higher d 13 C, lower TOC/TN ratios, higher P aq and higher TOC and decreasing DCA axis 2 scores (more aquatic, less Juncus sp. and succulent pollen types; ESM Figs. 6, 8) . This corresponds with previous observations at Grootdrift . M. spicatum (Aponogetonaceae) is historically abundant in this part of the Verlorenvlei system (Sinclair et al. 1986 ) and its increased abundance may explain the lower DCA axis 2 sample scores. A high-resolution diatom record from Verlorenvlei (Stager et al. 2012 ) also provides a more detailed picture of environmental change during the last 1,000 years, with an increased presence of brackish and epiphytic diatoms during a relatively dry Medieval Warm Period, consistent with the aforementioned period of aridity identified in the leaf wax data, followed by an increase in lower-salinity diatoms after *950 cal yr BP. This period of increasingly wetter conditions, which is associated with an increasing P aq in KFN2010, culminated during the Little Ice Age at AD 1850, whereupon brackish conditions returned (Stager et al. 2012 ).
Conclusions
Klaarfontein presently provides one of the few long Holocene sediment archives on the west coast lowlands of South Africa. In this study, combined stable isotope and biogeochemical analyses, integrated with the existing pollen data, provide insights into the relations between multiple organic matter fractions, pollen data and depositional environments. The data are particularly indicative of a vegetation response to varying salinity around Klaarfontein, which was strongly affected by marine inundation. We propose that the timing and relative influence of marine incursions can be further constrained by the thiophene ratio, which provides indirect evidence for marine inundation via evidence for the incorporation of reduced sulphur into macromolecular organic matter. The results are broadly consistent with independent evidence for relative sea-level change on the South African west coast, suggesting that this approach may be more widely applicable, although further validation with other trace element data is needed. The suggestion that a subset of the pollen data (the large Poaceae palynomorphs) is representative of C 4 grasses S. maritima and/or Sporobolus sp., is now supported by the stable isotope data. This demonstrates that localised C 4 vegetation can contribute to sediment organic matter within the otherwise C 3 ecosystems of the winter rainfall zone. Furthermore, the overriding contribution of locally derived organic matter means that the interpretative problems associated with the dominance of locally derived pollen types are somewhat mirrored in the analysis of leaf wax lipids. The stable carbon isotope data from leaf wax nalkanes require careful interpretation given the variable contributions from local riparian and wider terrestrial plant leaf wax sources.
Overall, there is a clear distinction in the KFN2010 record between the early-middle Holocene and the late Holocene. During the late Holocene (4,000 cal yr BP to present), when the marine influence on Verlorenvlei was much reduced, the geochemical and chronological data support previous interpretations from palynological data in suggesting a period of increased water availability ca. 4,000-2,500 cal yr BP, though some drying of the site is inferred from the py-GC/MS data. This was followed by increasingly arid conditions 2,500-900 cal yr BP. More regular freshwater inundation is apparent within the last 700 years. Supporting evidence for these late Holocene trends is seen in the wider palaeoenvironmental record and these new data contribute to an increasingly coherent view of the Holocene environmental history of the Verlorenvlei system.
